With the change of climate and the impacts of human activities, the water resources crisis of the Yellow River is becoming increasingly serious. How and why did the streamflows of the Yellow River basin change? Based on observed annual runoff data of 10 main hydrological stations along the Yellow River, the linear regression method, the Spearman rank correlation method and the Mann-Kendall test method are used to analyze runoff trend. The orderly clustering method, the sliding t test method and the Lee-Heghinian Method are used to identify the abrupt change point. Finally, the wavelet analysis method is used to identify runoff time series period. The results show that: (1) With the exception of the streamflow of Tangnaihai, the streamflows of all examined stations have significantly declining trends. The decrease of the streamflow from the upper to the middle to the lower reaches is becoming more and more obvious; (2) The runoff of the Yellow River has changed greatly. The abrupt change point at Tangnaihai occurred in 1989. The abrupt change points of the other stations took place in 1985; (3) The runoff along the Yellow River presents multi-time scale changes. The streamflows appear to have strongest periods of 25-40 years with a 40-year scale, which indicate the alternate oscillations of the high and the low water periods. The periods of <6 and 7-24 years are not stable and are complicated. The first main period of runoff in the Yellow River is 30 years; (4) The streamflow upstream of Tangnaihai station is mainly affected by the climate. The streamflows downstream of Tangnaihai station are influenced by human activities, especially water extraction and diversion and the operations of the large reservoirs. These research results have important practical guiding significance for hydrological forecasting, evaluation and management of water resources, construction of water conservancy projects and sustainable utilization of water resources in the region.
Introduction
River runoff is an important water resource. As climate change and human activities intensify, river runoff is undergoing significant spatiotemporal changes. It has direct effects on the allocation, exploitation and utilization of water resources and the physical, chemical and biological processes of river ecosystems [1] [2] [3] [4] . Therefore, the attribution analysis of river runoff change has been one of the major and difficult problems in current hydrological science.
As the second largest river in China, the Yellow River is the paramount water source in northwestern and northern China [5] . The Yellow River supplies fresh water not only for approximately 114 million people, accounting for about 8.7% of the total Chinese population [6, 7] , but also for agricultural production, accounting for about 13% of the country's total cultivated area [8] . As a result 1000 m at Toudaoguai to 95 m at Huayuankou. The climate is semiarid and arid with an annual average precipitation of 516 mm.
The lower reaches where elevation is under 95 m are confined by manmade levees on both sides. The basin area is 22,726 km 2 and the climate is humid with an annual average precipitation of 648 mm [23] .
Materials and Methods

Data Sources
Data used in this study mainly include the annual runoff (10 8 m 3 ) observed from 1956 to 2016 of 10 hydrologic stations along the Yellow River. These stations are Tangnaihai, Lanzhou, Xiaheyan, Shizuishan, Toudaoguai, Longmen, Tongguan, Huayuankou, Gaocun and Lijin ( Figure 1 ). The details of data information are shown in the Table 1 . Among these hydrological stations, Tangnaihai, Lanzhou, Xiaheyan, Shizuishan are located in the upstream region. Tangnaihai is the inflow station of Longyangxia reservoir, and Lanzhou is the outflow station. Toudaoguai station is located in the boundary area between the upper and middle reaches, which is the control station to monitor the coming flow and sediment from the upper reaches of the Yellow River. Longmen station and Tongguan station are located in the middle reaches. Huayuankou station is the boundary station between the middle reaches and the lower reaches. It is the starting point for the Yellow River becoming the Overhanging River. The Gaocun and Lijin stations belong to the downstream region. Lijin hydrological station is the last station on the Yellow River. The calculated annual runoffs by daily runoff time series were consistent with values of annual runoff from the Yellow River water resources bulletin in repeated years. As such, two time series are reliable and consistent. Data of annual reservoir storage capacity change include Liujiaxia reservoir and Longyanxia from 1987 to 2016 and Xiaolangdi reservoir from 1999 to 2016. Data of annual water diversion consumptions include the upper, middle and lower regions in the Yellow River basin from 1998 to 2015. These data come mainly from the Yellow River water resources committee and partly from the Yellow River water resources bulletin, which is compiled by the Yellow River water resources committee.
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Methods
Hydrological time series are comprehensive reactions of combined climate conditions, natural geographical conditions and human activities [24] . Thus, the data themselves reflect the influence of these factors. In general, hydrological sequences can always be decomposed into two components, namely deterministic and stochastic components. Deterministic components contain certain physical concepts, including period, trend and jump components. Random components are caused by irregular oscillations and random effects, which cannot be explained strictly on a physical basis. In this paper, evolution trends, abrupt change points and periods of the Yellow River runoff are studied, while not considering stochastic components.
For the studies of the trend and the abrupt change point, their theory and methods are mainly based on the statistical parameters and nonparametric test method. The different statistical methods have different assumptions (such as that data must have a normal distribution, homogeneity, etc.). If the data cannot meet the hypothesis condition, the calculated result will deviate from the actual situation [25] [26] [27] [28] . Thus, it is assumed that the existence of trend and variation of streamflow sequences should be verified using at least two methods [29] .
Identification of dominant periods is a typical and important issue in hydrologic series analysis, because it is the basis of building effective stochastic models and understanding complex hydrologic processes [30] . The estimated spectra using these traditional methods (such as FFT, MESA) often exhibit pseudo-periods, which sometimes cannot identify certain actual periods [24, 31] . The EMD method can directly represent multiple time scale change, but because of the intermittent noise signal and the influence of the modal mix, instability in the EMD algorithm makes the physical meaning unclear [24, 32] . Wavelet analysis can better realize the time-frequency localization and reveal the implied change characteristics of the time series. Therefore, it is suitable for the study of complex hydrologic systems with multi-time scale variation characteristics [30] .
Trend Analysis Method
Trend analysis is an important and common tool for developing a better understanding of the impacts of climate change and human activities on hydrological systems. In order to have more confidence on the existence of trends in streamflow time series, we decided to apply three different tests in this study. The significance level of statistical analysis was uniformly set as magnitude 0.05, so as to avoid analysis error caused by different confidence intervals and make the calculation results comparable.
(1) Linear regression method
The linear regression (LR) trend method is one of the most common mathematical statistics methods, which can directly reflect the qualitative change trend of sequences. Thus, it is widely used in trend analysis of time series of precipitation, runoff, temperature and water quality. The linear regression method is used to judge the trend change by the significance test of the linear correlation coefficient [33] [34] [35] .
(2) Mann-Kendall test method
The Mann-Kendall (MK) test method is a non-parametric test method recommended by WMO (World Meteorological Organization) and is widely used to analyze the trend of time series of precipitation, runoff, and temperature and water quality. The MK test does not require samples to follow a certain distribution, nor is it subject to the interference of a few abnormal values. It is applicable to data of non-normal distributions such as hydrology and meteorology. The MK test method has the characteristics of simple calculation, wide detection range and a high degree of quantification [25, [35] [36] [37] [38] . The Spearman rank correlation method is a robust and simple test method, which does not require certain distribution of samples and is not disturbed by a few abnormal values. This method is not a function of time sequence itself, but the information of the observed value rank (i.e., number of qualifying) function. Thus, it can eliminate the influence of the distribution of the original sequence. It was found that the Spearman rank test is more concise than MK. The Spearman rank test principle is based on the correlation coefficient test [25, 34, 35, 37, 39, 40] .
Identification of Abrupt change Point
Change point analysis is one important element of hydrological statistics and analysis, especially in the distinction between the impact of climate change and human activities on the hydrological processes [41, 42] . Compared with the trend, the change point inference is more complex, and the time and amplitude of the jump may reach different conclusions due to different test methods [43] . Therefore, this paper adopts three methods: The sliding t test, the ordered clustering method and the Lee-Heghinian method.
(1) Sliding t test method The sliding t test method verifies the difference of two average values by checking whether there is a significant difference in the mean of the two sub-sequences in a sequence. If the difference of means of the two sub-sequences exceeds a certain significance level, it means that sequence variation has occurred [44] . The traditional t test is a parameter method. The corresponding point of the maximum value is found to be the abrupt change point only through finding all points satisfied the given conditions [2] .
(2) Clustering ordered method
The ordered cluster analysis is a method of classifying samples according to the size of the sample gap in a continuous sample. Its mathematical theory is based on the classification algorithm proposed by Fisher, also known as the optimal segmentation method. The principle of classification is to minimize the sum of squares between the same class. The sums of squares between two classes are the maximum [2, 38] . The Lee-Heghinian method is a variable point test method based on Bayesian theory proposed by Lee and Heghinian in 1977. When the posterior conditional probability density reaches the maximum value, the corresponding variable value is the most likely variable point [45, 46] .
Period Identification of Wavelet Analysis
In practical research, the wavelet transform coefficients are obtained through the wavelet transform equation, by which the time and frequency characteristics of time series are analyzed. Selecting the proper fundamental wavelet function is the precondition of wavelet analysis [33] . In this paper, the selected Morlet complex wavelet function is a single frequency complex sine function under Gaussian envelope, because its time and frequency domain localization is better [47] .
Based on the results of time scale distribution, it is easy to analyze the periodicity of streamflow series. For time series f (t) ∈ L 2 (R), W f (a, b) is the result of the continuous wavelet transform (CWT) [47] , i.e.,
is the wavelet coefficient, which varies with parameters a and b.
The Morlet complex wavelet function Ψ is expressed as follows [33] :
where ω 0 is a constant; i is the imaginary number. The relationship between time scale a and period T of the Morlet complex wavelet follows:
where F c is the central frequency of the wavelet; F s is the sample frequency.
The square integral of all wavelet coefficients on scale a in the time domain is the wavelet squared difference:
In the process of wavelet analysis, due to the limitation of the observation conditions, the measured length of annual runoff series is limited, so on both ends of the sequence so-called "boundary effects" possibly occur, especially in shorter sequences. In order to avoid this deficiency, both ends of the hydrological time series were extended symmetrically in this paper. 
Results
Change Process of Annual Streamflow
Trend Change and Abrupt Change Points
The trend evaluation and level tests were carried out by using the linear regression method, the Mann Kendall rank method and the Spearman rank correlation method under a confidence level of 0.05. The runoff decrease trend of Tangnaihai was not significant. The significance of annual runoff decrease trend of Lanzhou station had mixed results. One result was a significant trend by the linear regression test (Figure 2 ) and the Spearman's rank test. Another result was not significant by the Mann-Kendall rank method. For the remaining 8 stations (Xiaheyan, Shizuishan, Toudaoguai, Longmen, Tongguan, Huayuankou, Gaocun and Lijin), the test results of three methods are a significantly decreasing trend. In identifying the abrupt change point, the T sliding method, the Lee-Heghinian method and the Orderly clustering method were used. The results of three methods are consistent for each station. The abrupt change point of Tangnaihai is in 1989, and for the remaining 9 stations, the abrupt change points are all in 1985 (Table 2) . The average and the variation coefficient (CV) are the two most important parameters for hydrological design of water conservancy projects, which affect the scale and safety of water conservancy projects. Moreover, CV is also the main index reflecting the interannual change of river runoff. At the abrupt change point (excluding variation points), the whole time series are divided into two subsequences. Then the average and CV of the whole sequence, before variation and after variation sequences are calculated. The results are shown in Table 3 indicating that the mean annual runoff before the variation sequence in each station is largest. The average after the variation sequence in each station is smallest. From the upstream to the middle and the lower reaches, the change of the average is increasingly large. Compared with the average of the subsequence before variation, the streamflow of Tangnaihai, Toudaoguai and Lijin decreases to 86%, 66% and 38%, respectively. In general, the order of CV is the whole sequence, the sequence before variation and the subsequence after variation. From the upper to the middle and the lower reaches, the CV of the sequences (except Lanzhou) are larger and larger. 
Period
Period is an important component of runoff compositions. Wavelet transform was used to analyze the periods of flow along the Yellow River. The streamflows of Tangnanhai, Toudaoguai and Lijin were selected to carry out the analysis in detail.
(1) The real part of the wavelet coefficient The real part of the wavelet coefficients can reflect runoff series periodic change at different time scales and the distribution in the time domain, and then can judge the future trend of flow series at different time scales. When the real part of the wavelet coefficient is positive, it shows that runoff is in a high flow period. If the real part of the wavelet coefficient is negative, it denotes that runoff is in a low flow period.
From the real part coefficients contour map of Tangnaihai ( Figure 5 ), it can be clearly seen that there are 3-6, 6-24 and 25-37 years periodical characters within a 40-year scale. The scales of 25-37 years were very stable in the whole time domain. There were 3 high water and 2 low water shocks. 
From the real part coefficients contour map of Tangnaihai ( Figure 5 ), it can be clearly seen that there are 3-6, 6-24 and 25-37 years periodical characters within a 40-year scale. The scales of 25-37 years were very stable in the whole time domain. There were 3 high water and 2 low water shocks. The modulus square of the wavelet coefficients represents the energy spectrum. It can reflect the energy variability in time scale. The higher the energy is, the stronger the periodic oscillation is.
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In the wavelet modulus square contour map of Tangnaihai (Figure 8 ), the scale of 26-35 years has the strongest energy and shows the most significant period. The energy of the scale of 19-22 years (2) Modulus square of wavelet coefficients
The modulus square of the wavelet coefficients represents the energy spectrum. It can reflect the energy variability in time scale. The higher the energy is, the stronger the periodic oscillation is.
In the wavelet modulus square contour map of Tangnaihai (Figure 8 For Toudaoguai (Figure 9 ), the energy of the scale of 25-35 years is the strongest and the period is the most significant, which occurred in the whole time domain. However, the energy of the scales of 14-19 and 3-6 years is weak, and the periodic change is localized. The scale of 14-19 years is mainly focused from 1956 to 1976 and from 1995 to 2016. The scale of 3-6 years was mainly concentrated in the period from 1978 to 1995. For Toudaoguai (Figure 9 ), the energy of the scale of 25-35 years is the strongest and the period is the most significant, which occurred in the whole time domain. However, the energy of the scales of 14-19 and 3-6 years is weak, and the periodic change is localized. The scale of 14-19 years is mainly focused from 1956 to 1976 and from 1995 to 2016. The scale of 3-6 years was mainly concentrated in the period from 1978 to 1995. For Toudaoguai (Figure 9 ), the energy of the scale of 25-35 years is the strongest and the period is the most significant, which occurred in the whole time domain. However, the energy of the scales of 14-19 and 3-6 years is weak, and the periodic change is localized. The scale of 14-19 years is mainly focused from 1956 to 1976 and from 1995 to 2016. The scale of 3-6 years was mainly concentrated in the period from 1978 to 1995. For Lijin (Figure 10 ), the energy of the scale of 26-36 years was the strongest and the periods are the most significant, which occurred in the whole time domain. In the scale of 14-22 years, the energy is stronger and the period is significant, which occurred for the whole period. On the scale 6-10 years, the energy is weak and the period is not significant, which is mainly concentrated in the periods from For Lijin (Figure 10 ), the energy of the scale of 26-36 years was the strongest and the periods are the most significant, which occurred in the whole time domain. In the scale of 14-22 years, the energy is stronger and the period is significant, which occurred for the whole period. On the scale 6-10 years, the energy is weak and the period is not significant, which is mainly concentrated in the periods from 1956 to 1973 and 2002 to 2016. 
Discussion
Analysis of Trend
The decrease in precipitation, incoming water from the upper reaches, regulation of large reservoirs, soil and water conservation measures as well as water consumption contribute most to the significant reduction of streamflow. These factors are discussed in the sections that follow.
Meteorological and Climatic Factors
Precipitation and evapotranspiration are the most important factors to affect runoff change [37, 48] . Evaporation is affected by temperature changes.
In the upstream of Lanzhou region, the precipitation did not significantly increase or decrease since 1950. From Lanzhou to Toudaoguai, precipitation decrease is relatively obvious, but the section water supply accounts for only 1% of the total water in the main river. Thus, flow in the Yellow River upstream is not significantly affected by the interannual variability of precipitation in this region [38] .
The annual air temperature has increased by 0.80 • C in the headwater catchment of the Yellow River basin during the past 42 years [43] . The loss of flow due to increasing temperature exceeded the slightly increased precipitation over the upper Basin [49] . Ref. [50] indicated that the variations of regional precipitation have a predominant effect on the flow variations.
In the middle reaches of the Yellow River, the average annual rainfall decreased, with an average decrease rate of 28 mm/a [49] . Figure 14 shows correlation diagram of precipitation and streamflow in the middle of the Yellow River from 1950s to 2000s and data in the Figure were extracted from the Ref. [17] . Correlation coefficient of precipitation and streamflow is over 0.9 in the middle reaches of the Yellow River, which indicates that precipitation is an important factor influencing streamflow. The average annual temperature increases by 0.3 • C every ten years, and climate warming will increase potential evaporation and reduce runoff [51, 52] . Strong evaporation and drought were exacerbated by the significant warming and precipitation reduction overall and led to severe water scarcity in the middle basin. Climate impacts on runoff in the lower basin of the Yellow River could be negligible because of its very small area [49] .
Discussion
Analysis of Trend
Meteorological and Climatic Factors
The annual air temperature has increased by 0.80 °C in the headwater catchment of the Yellow River basin during the past 42 years [43] . The loss of flow due to increasing temperature exceeded the slightly increased precipitation over the upper Basin [49] . Ref. [50] indicated that the variations of regional precipitation have a predominant effect on the flow variations.
In the middle reaches of the Yellow River, the average annual rainfall decreased, with an average decrease rate of 28 mm/a [49] . Figure 14 shows correlation diagram of precipitation and streamflow in the middle of the Yellow River from 1950s to 2000s and data in the Figure were extracted from the Ref. [17] . Correlation coefficient of precipitation and streamflow is over 0.9 in the middle reaches of the Yellow River, which indicates that precipitation is an important factor influencing streamflow. The average annual temperature increases by 0.3 °C every ten years, and climate warming will increase potential evaporation and reduce runoff [51, 52] . Strong evaporation and drought were exacerbated by the significant warming and precipitation reduction overall and led to severe water scarcity in the middle basin. Climate impacts on runoff in the lower basin of the Yellow River could be negligible because of its very small area [49] . 
Human activities
Among all anthropogenic activity factors, consumptions of agriculture and industry, dam construction and water conservation measures have had the greatest effect on the river's hydrological cycle.
(1) Effect of consumption With the rapid development of China's national economy, especially after the 1980s, in the central and western regions, agricultural irrigation, industrial production and urban water demand for the Yellow River water resources grew rapidly. The annual diversion water from the Yellow River is about 6.401 billion m 3 , accounting for 38% of the water from the middle reaches of the Yellow River [17] . From the Figure 15 , it may see that water diversion consumptions of the Upper region are the largest and the downstream region is the second largest. The middle stream region is the smallest in the 1998-2015 period. The trends of water diversion consumptions are increasing in the middle and downstream regions. According to the Yellow River conservancy commission (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , statistics show that agricultural irrigation water consumption is the largest; the second is industrial water, county livestock and fish farming, residents, and ecological water for the environment [53] .
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Analysis of Change Point
The variation of flow occurred at the Tangnaihai mainly around 1989. In the headwaters of the Yellow River, abrupt changes occurred in the mid-1980s for temperature, in the late 1980s for precipitation and in the early 1980s for sunshine duration and pan evaporation [43] .
For the other 9 stations, the variation points all were around 1985 in this study. However, in previous research, there are different abrupt points. In middle reaches of the Yellow River, Ref. [17] indicated that the abrupt decline in streamflow began in 1985. Ref. [19] concluded that the abrupt change of the water discharge from the late 1980s to the early 1990s arose from human extraction. Ref. [51] suggested that abrupt changes in streamflow at mainstream stations occurred when large reservoirs were built, which agrees with this study.
Analysis of Period
It is a very difficult to estimate periods in hydrologic series effectively [24] . Ref. [50] found that there are significant periods at scales of quasi-biannual, 4 years, 6-8 years, 12-14 years and above 20 years in both the flow and regional climate variations in the source region of the Yellow River. Ref. [33] studied the streamflow periodicity at the Guide station, and within a 52-year scale detected circa 8 years and 17 years periodicity for the observed streamflow. Some periods of this study are consistent with these studies.
For Toudaoguai station, the quantitative periodicity of the observed streamflow is located at circa 4, 8, and 18 years within the 52-year period. For the Huayuankou station in the observed streamflow, there are circa 3, 9 and 21 year periods within the 52 year period. The observed streamflows at the Lijin station had the same main periodicity of 3, 9, and 21 years for the observed streamflow [33] . Ref. [24] found that the periods of annual flow data at the Lijin hydrologic station are 18 years, 11 years and 3 years. In this paper, the main periodicities were 30, 21 and 16 years within the 56 year period. Since the 1950s, a number of soil conservation measures were implemented on the Loess Plateau, including terraces, check dams, reservoirs, afforestation and planting grass [11] . By the end of 2007, the preliminary area of soil and water conservation was 225.6 × 10 9 m 2 , including 119.5 × 10 9 m 2 of forestation and 36.7 × 10 9 m 2 of land terracing [7] . These measures have significantly altered the hydrological regime of the river [53] . Ref. [17] concluded that streamflow reduction through soil and water conservation measures respectively 4.54 × 10 8 m 3 /a, 5.70 × 10 8 m 3 /a and 6.41 × 10 8 m 3 /a in 1970-1979, 1980-1989 and 1990-1996 periods. Ref. [55] pointed out that water and soil conservation measures have become the main influencing factor for the dramatic reduction of water in the middle reaches.
Analysis of Change Point
Analysis of Period
For Toudaoguai station, the quantitative periodicity of the observed streamflow is located at circa 4, 8, and 18 years within the 52-year period. For the Huayuankou station in the observed streamflow, there are circa 3, 9 and 21 year periods within the 52 year period. The observed streamflows at the Lijin station had the same main periodicity of 3, 9, and 21 years for the observed streamflow [33] . Ref. [24] found that the periods of annual flow data at the Lijin hydrologic station are 18 years, 11 years and 3 years. In this paper, the main periodicities were 30, 21 and 16 years within the 56 year period.
Annual flow is an important index of a river, which may be affected by solar activities. The relationships between solar activities and the flow in the Yellow River are complicated [9] . The correlation between sunspot relative number and flow may be lower, because the flow progress is affected by factors such as precipitation, land cover and land use, soil, vegetation, and others besides solar activities. The climatic variability exists in all the data types and is partially coincident with known climate cycles such as the Pacific Decadal Oscillation and the EI Nino-Southern Oscillation [56] . Ref. [47] found that in the middle and lower reaches of the Yellow River, the cycle of precipitation is linked with El Nino events, Wolf Sun Spot Numbers and Pacific Decadal Oscillation (PDO). Ref. [12] didn't detect periodicity from 1969 to 1973 and after 1986 in his study. He suggested this can be attributed to the intensive human activities in the upper and middle reaches of the Yellow River during the past six decades.
In summary, the effects of the aforementioned factors on flow periodicity are associated with a number of complex physical processes. More robust methods are thus desired to be advanced in the future studies.
Conclusions
First, the runoff trends of the upper, middle and lower stream along the Yellow River are decreasing. The reductions of annual runoff are more and more from the upstream to the downstream of the Yellow River since 1986. These changes are mainly influenced by human activities, especially water extraction and diversion and the operations of the large reservoirs. Second, the abrupt change points of the stations other than Tangnaihai happened in 1985 which is relative to the construction of the large reservoirs. Third, the flows along the Yellow River present characteristics of multiscale changes. At the large scale, the periodic changes were very stable for the whole period. At the small scale, the periodic changes were local and complicated. The first main period of runoff in the Yellow River is 30 years, and the second main period is 15 years in most of the upper and the middle reaches and 20.67 years in the lower reaches. Therefore, the water resources crisis in the Yellow River basin is very severe. In order to ensure sustainable use of the water resources of the Yellow River, some effective measures must be taken, such as further developing the scientific operations of reservoirs, reasonable allocation of water resources and implantation of necessary water-saving measures, especially in agriculture.
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